Introduction
The past decade has witnessed a huge progress in the fundamental and application research for the 2D materials [1] [2] [3] . As a new material category compared to the 3D materials, the 2D materials have attracted incredible interest from the nanoelectronic field 4 , since the atomic-scale thickness can greatly reduce the conventional short-channel effect. The rise of 2D materials began with graphene 5, 6 , and it's expected to be a perfect material to substitute the silicon in semiconductor industry.
However, after the early days of studies, the gapless feature indicates that graphene is less desirable to fulfill this high expectation 7, 8 . Hence, the research is expanded into other 2D materials, predominantly transition metal dichalcogenides (TMDs), because of its sizeable bandgap in the range of 1-2 eV. However, compared to graphene, the low carrier mobility in TMDs inevitably limit the device performance speed and power efficiency 9, 10 . Later on, the discovery of black phosphorene brings a new ray to the research. It inherits the merits of graphene and TMDs, displaying a sizeable band gap and high carrier mobility. Consequently, the high-performance devices are 3 obtained in a short period of time. Unfortunately, black phosphorene is environmentally sensitive, it can react with water or oxygen, and degrade upon exposure to air as well as light [11] [12] [13] [14] [15] , which severely reduces its device quality and performance. Therefore, a straightforward question is in front of us, can we find a 2D material with sizeable band gap, high carrier mobility and environmental stability simultaneously?
To answer this question, a feasible way to design such an ideal material is needed.
One knows that if the π/π * degeneracy is broken with a sizeable band gap, graphene will be the best choice. Following this line, instead of the hexagon in graphene, we turn to the pentagon. Due to the rule of Cario pentagonal tiling, it's possible to construct a 2D lattice full of pentagons, but without π/π * degeneracy. Hence, it may be a promising material candidate. However, to realize such a proposal, the following difficulties must be overcome firstly. It's well known that pentagon doesn't prefer to connect with each other in real materials. In fullerene, pentagons and hexagons are distributed alternately, because it will cost more energy to realize pentagon-pentagon than pentagon-hexagon rings 16, 17 . This is also true in 2D planar materials [18] [19] [20] 
Results
Structure and stability. As shown in Fig. 1(a) To confirm the dynamic stability of Penta-Pt 2 N 4 , its phonon spectrum is calculated. As shown in Fig. 1(b) , the absence of imaginary modes in the entire Brillouin zone (BZ)
indicates it to be dynamic stable. Near the Г point, the in-plane longitudinal and transverse modes have a linear dispersion, while the out-of-plane modes have a quadratic dispersion. All these features are consistent with the other 2D materials.
Additionally, the two highest optical modes (~1387cm -1 ), contributed by the N=N, are separated from the other optical modes by a large phonon gap of ~500 cm -1 . These two modes are Raman-active, representing the characteristic stretching vibration of N=N, and also comparable to the other N=N system [40] [41] [42] .
To confirm the thermal stability of Penta-Pt 2 N 4 , its cohesive energy is calculated as
where , and 
As shown in Fig. 2(f) . This value is also comparable to that in graphene (see Table 3 ), but much larger than that in the other 2D transition metal pernitrides with N-N single bond 48 shown in Fig. 3(b) . Generally, the PBE will underestimate the band gap, so HSE band structures are also calculated. As shown in Fig. 3 (c) and 3(d), HSE increases the direct band gap to 1.10 eV without SOC, and to 1.17 eV with SOC. A detailed comparison between PBE and HSE band structure is shown in the SI. It's clear that HSE has a rigid effect on the band structure, namely, it just corrects the band energy but without changing the dispersion near band edge. Moreover, GW calculation can further increase the direct band gap to ~1.51 eV with SOC (see Methods).
The sizeable band gap indicates Penta-Pt 2 N 4 to be a good material candidate for nanoelectronics. For electronic applications, another key factor is the carrier mobility.
As listed in Table 2 , the carrier mobility is calculated on the PBE+SOC level. One can see both electron and hole have a high mobility, which is much large than that in black phosphorene at room temperature. Moreover, the electron mobility along x direction can reach 1.110 5 cm 2 ·V -1 ·s -1 , which is even comparable to the value in graphene, as listed in Table 3 . Additionally, strong anisotropy is found for both carries, and the mobility along x direction is one order larger than that along diagonal direction. The high carrier mobility of Penta-Pt 2 N 4 can be understood from two aspects. First, the large elastic modulus C 2D , which is originated from the nature of N=N. Second, the small band edge deformation potential, which is originated from the nature of band edge states. As shown in Fig. 3 (e)-(h), the band edge partial charge densities have an 9 out-of-plane shape, which will be less sensitive to the in-plane lattice deformation.
Therefore, it has a small band edge deformation potential (E l ), as listed in Table 2 .
Based on the calculated mechanical and electronic properties of Penta-Pt 2 N 4 , Table 3 makes a summary and compares them with graphene, MoS 2 and black phosphorene. 
where G is the Gibbs free energy of different species. Here, the DFT energy (E) is used to approximate Gibbs free energy of Penta-Pt 2 N 4 /MgF 2 (010), Pt and MgF 2 (010), since the entropy and enthalpy contribution to ΔG are negligible for solids as reported by Reuter 71 . As for gaseous molecules, the Gibbs free energy can be estimated by the following equation
where T and p is temperature and pressure of the gas, respectively. G gas (T, p) is the Gibbs free energy, E gas is the DFT total energy, p 0 is the standard pressure (p 0 =1 bar), and k B is the Boltzmann constant. ̃ is the change of Gibbs free energy for gaseous molecule from 0 K to T at a constant pressure p 0 that can be obtained from the NIST-JANAF thermodynamics table  72, without notable distortion after heating 5 ps at 800 K. Therefore, MgF 2 (010) is expected to be a good substrate for synthesizing 2D planar Penta-Pt 2 N 4 .
Conclusion:
In summary, combing Cario pentagonal tiling and nitrogen double bond, the first 2D Penta-Pt 2 N 4 is theoretically predicted. The novel geometric topology and exotic chemical compositions gives excellent mechanical and electronic properties for Penta-Pt 2 N 4 , overcoming the intrinsic limitations in graphene, TMDs and black 13 phosphorene and demonstrating an ideal 2D material for nanoelectronics. To facilitate the experiment, a possible MBE/CVD synthesis method is also proposed. We believe the great potential applications of Penta-Pt 2 N 4 will stimulate more experimental works on this novel 2D material in the future.
Methods
Global minimal search is carried out with different unit cells of (PtN 2 ) n {n=1, 2, 3, 4}
in USPEX 75 For crystal orbital Hamilton population (COHP) [86] [87] [88] analysis, LOBSTER 89 package is used and all the absolute charge spilling is within 1%, guaranteeing the good projection.
For phonon spectrum calculation, PHONOPY 90 package is used within the density functional perturbation theory, with a plane-wave cutoff of 650 eV and the energy convergence criteria of 10 -8 eV.
For mechanical property calculation, elastic constants, Young's modulus and
Poisson's ratio [91] [92] [93] are calculated by PyGEC package 94 with a VASP interface.
For ab initio molecular dynamics (AIMD) simulation, a 3×3×1 supercell is used with 2×2×1 k-point sampling to reduce the lattice translational constraints. For Penta-Pt 2 N 4 /MgF 2 (010), a 4×4×1 supercell is used with single Gamma point. All simulations are carried out with a Nosė-Hoover heat bath 95 at the target temperature for 5 ps with a time step of 1 fs by using canonical ensemble.
Carrier mobility calculation. In 2D system, the carrier mobility is given by the 
where m e * is the effective mass in transport direction and m d is the average effective
where ΔV i is energy change of the i th band under cell compression or dilatation, l 0 is the lattice constant in transport direction and Δl is the deformation of l 0 . C 2D is the elastic modulus of longitudinal strain in transport direction (x or diagonal) for the longitudinal acoustic wave. It can be derived from (E-E 0 )/S 0 = C 2D (Δl/l 0 ) 2 /2, where E is the total energy and S 0 is the lattice volume at equilibrium for a 2D system that can be calculated by PyGEC. In carrier mobility calculations, the deformation potential (E 1 ) for hole and electron is derived from a linear fitting to the energy of CBM and (j) Gibbs free energy change (ΔG) versus gas-phase H 2 pressure at different partial pressure ratio .
